ABSTRACT The time course of recovery from chromatic adaptation in human vision was tracked by determining the wavelength of light that appears uniquely yellow (neither red nor green) both before and after exposure to yellowish green and yellowish red adapting lights. Recovery is complete within 5 min after steady light exposure. After exposure to the alternating repeated sequence 10-sec light/b-sec dark, the initial magnitude of the aftereffect is reduced but recovery is retarded. The results are interpreted in terms of two processes located at different levels in the hierarchical organization of the visual system. One is a change in the balance of cone rece tor sensitivities the second is a shift in the equilibrium base~hne between opposite-signed responses of the red/green channel at the opponent-process neural level. The basemine-shift mechanism is effective in the condition in which repeated input signals originating at the receptors are of sufficient strength to activate the system effectively. Hence, this process is revealed in the alternating adaptation condition when the receptors undergo partial recovery after each light exposure, but receptor adaptation during continued steady light exposure effectively protects the subsequent neural systems from continued strong activation.
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A salient characteristic of the visual system is its adaptability. It adapts to the level of ambient light, which accounts for the broad (orders of magnitude) range of light levels within which useful vision is possible, and also to the spectral weighting of the ambient light, which accounts for the relative stability of the world of colored objects when seen in various artificial and natural conditions of illumination. The changes that occur during light exposure and the recovery to the preexposure state after light stimulation can be assessed for human observers by standard psychophysical techniques appropriate for threshold estimates of visual sensitivity or by suprathreshold measures based on some constant criterion of visual response. Such measurements have shown, in earlier studies, that visual adaptation can be attributed in part to the retinal receptors and their photosensitive pigments which bleach upon absorption of light quanta and regenerate when the flow of incident quanta is diminished (1, 2) . However, retinal receptor adaptation alone cannot account for all of the phenomena attendant upon exposure to different levels and spectral distributions of adapting lights. Also implicated are the neural levels (in the retina and possibly also more centrally in the visual system) where excitatory-inhibitory interactions occur, in neural systems that are laterally interrelated, and in temporal rebound or feedback processes (3-6).
Our own earlier studies were concerned with relating different steady-state adaptation conditions, whether to different levels of light exposure or to different spectral distributions of adapting light. The study reported here is concerned with the time course of recovery to a neutral equilibrium condition after exposure to spectrally selective chromatic light.
Recovery of visual sensitivity after relatively strong steady light exposure is typically complete or nearly so after about 30 min in the dark and, for the foveal, photopic system, after 5-10 min (7, 8) . Afterimages produced by steadily fixating a uniform light field or a visual pattern are also relatively short-lived. In all these instances, both the magnitude of the adaptation effect and the time required for recovery vary monotonically with the level and, within limits, the duration of the light exposure. On the other hand, there is some evidence that certain regular temporal sequences of light exposure may produce relatively small but long-lasting biasing of the visual system. As one example, repetition of regularly intermittent light flashes at near-threshold levels results in a progressive increase in threshold requirements, an effect suggestive of an habituation phenomenon (9, 10). As a different example, regularly alternating exposure to vertical and horizontal gratings, one illuminated by red light and the other by green, leaves as an aftereffect the afterimage hue of the exposure light seen on "achromatic," "black-and-white" gratings of each of the two different orientations. Specifically, regularly repeated, alternating exposure to a vertical red grating followed by a horizontal green grating results in "black-and-white" vertical gratings looking greenish and horizontal ones looking pinkish (11) propriate optical elements to provide a monocular, 80 monochromatic field in Maxwellian view. Clear/opaque vertical or horizontal grating patterns (10 cycles/degree) or an average luminance-equivalent uniform neutral density filter could be placed in the beam adjacent to the front surface of the lehis that served as the field stop of the optical system, and the patterns were thus also in sharp focus in Maxwellian view. For the wavelength region used in the experiments, field luminance was constant at 3.5 + 0.2 log trolands. Remote control of the wavelength drum of the monochromator provided for continuous wavelength variation of the test field light by the observer. Offsets from observer settings and settings of adapting wavelengths were experimenter controlled, as were test and adapting field exposures and occlusions.
Procedure. Each experimental session was begun with a 10-min period in the dark to bring the observer to a neutral state of adaptation after exposure to the ordinary ambient light environment. Then the observer used a method of adjustment to produce a test field illumination that appeared neither reddish nor greenish but uniquely yellow. After a few practice sessions, these settings could be made rapidly so that test exposures did not exceed a few seconds each. Five such wavelength settings were made prior to exposure to the adapting field. The spatial characteristics (uniform or horizontal or vertical grating) of the test and adapting fields were constant throughout each experimental session.
The field was then set to the adapting wavelength (540 or 620 nm) and the observer viewed the greenish yellow or reddish yellow field steadily (but with small fixation changes within the field) for a total duration of 5 min for one conditon (S) or for 10 min for the other (A). In condition A, the field was illuminated for 10 sec and occluded for 10 sec in repeated alternation; thus the total accumulated light exposure was the same as for S. the 5-min steady condition. When a grating was used, it was horizontally oriented with the 540-nm adapting light and vertically oriented with the 620-nm adapting light. (The grating orientation was not of any particular relevance to the series of experiments reported here but was changed in this way in anticipation of further experiments to be conducted at a later date.)
At the end of the adapting period, the observer again adjusted the wavelength to produce a field that appeared uniquely yellow, and these settings were made periodically during brief test light exposures while the observer was recovering in the dark from the reddish or greenish adapting light effects. Recovery was tracked in this way for about 15 min after occlusion of the adapting light. Five such experimental sessions were completed for each of two observers for each of the eight adaptation conditions. RESULTS Fig. 1 shows a subset of results for individual conditions and observers. The shift in wavelength (in nm) seen as unique yellow relative to its locus for the preadaptation neutral state is plotted as ordinate. Positive values are shifts toward longer wavelengths; negative values are shifts toward shorter wavelengths. The preexposure settings are plotted to the left of the zero time. The plotted points are means over 0.5-min intervals between 0 and 3 min, over 1-min intervals between 3 and 10 min, and over 2-min intervals thereafter. These time bins are appropriate to the decreasing frequency of unique yellow settings with increasing recovery time. Time-bin averaging is used because the unique yellow settings were not made at precisely the same times from one session to the next. The wavelength of adapting light (620 or 540 nm), the test and adapting field characteristics (uniform or grating), the temporal characteristics of the ad- aptation (steady exposure or 10-sec light exposure followed by 10-sec recovery in the dark in repeated sequence), and the observer are all indicated in the figure legends.
In all cases, the effect of adaptation to a spectral stimulus that was (at least initially) very different in appearance from unique yellow-whether 620 nm (yellow-red) or 540 nm (yellowgreen)-was to shift the wavelength seen as unique yellow in the direction of the adaptation wavelength. Not surprisingly, the shift was greater in magnitude immediately after the steady adaptation than it was immediately after the alternating sequence of light exposure and dark interval. Complete recovery, however, as indexed by return to the preexposure setting of unique yellow, did not appear to require more time in proportion to the magnitude of the initial aftereffect, but rather there was a consistent trend for the recovery after alternating adaptation exposure to be retarded relative to that after equal steady total exposure to the same adapting light. The average settings beyond 5 min of recovery for the alternating conditions show a greater residual shift toward the wavelength of the adapting light than do those for the steady conditions ( Table  1 ). The differences are small but consistent. A similar comparison for the two different spatial conditions is given in Table  2 . The difference attributable to viewing an illuminated grating as compared with a uniform field was not consistent throughout.
The differences in amount of aftereffect throughout the 15-min recovery period are shown graphically in Fig. 2 for the 540-nm adapting wavelength. In Fig. 2A , the wavelength shifts from the preadaptation average settings are positive when the shifts are larger after the steady adaptation condition than they are after the alternating condition, and they are negative when the reverse is true. The data points are for the two different observers and for the grating and the uniform fields. Despite the scatter, there is a systematic trend. The aftereffect is greater for the steady than for the alternating condition early in the recovery period; it is greater for the alternating condition as recovery proceeds. The curve drawn on the graph is a difference between functions fitted to the averaged data (to be described in relation to Fig. 3 ). Fig. 2B shows the differences in amount of aftereffect throughout the recovery period when grating versus uniform field conditions are compared. Here, the scatter is greater early in recovery than it is later, but there is no consistent trend that would indicate systematic differences between grating and uniform field adaptation effects. We do not interpret these results to mean that spatial pattern is generally irrelevant to the course of recovery but only that it has not been demonstrated to be a significant parameter in these experimental conditions. For this reason, we concentrate, in this study, oiq the differences in the temporal conditions of adaptation and the differences in recovery after steady adaptation relative to the alternating light exposures and dark intervals. Proc. Natl. Acad. Sci. USA 76 (1979) i [ The data for both chromatic adapting lights suggest the operation of two adaptation processes, one of which recovers rather rapidly and the other being less effective in terms of magnitude but with a much slower rate of recovery. In the following section we offer an interpretation of the two different adaptation and recovery processes, which includes as a natural consequence an account for the evidence of only one of these processes after steady light exposure, the second being revealed only after the light/dark alternating exposure condition.
INTERPRETATION
Earlier studies that compared different states of chromatic adaptation have implicated two kinds of adaptation process, one of which can be interpreted as a change in the balance of sensitivities in the three spectrally selective cone receptor mechanisms. As a reasonable approximation to these cone sensitivities, we can take spectral functions with the forms of iodopsin absorption (13) but with peaks at about 440, 530, and 560 nm, respectively, for the three cone types. We label these types a, fl, and y, respectively. Color coding in the visual system is assumed, in our color vision model, to occur beyond the receptoral level in a three-channel system of opponent processes (14, 15) . These processes are governed by input signals originating at the receptoral level together with the characteristic properties of the opponent neural systems. The formal relations between receptor and opponent level systems can be expressed as follows:
(w -bk)x = f, (aliexax + al2ex#3x + al3exyx) [1] (r -g)x = f2 (a2lexax + a23exyx -a2ex/x) [2] (y -b)x = f3 (a32exflx + a33exy? -a3lexax) [3] in which (w -bk) symbolizes the achromatic or white/black coded channel, (r -g) is the opponent red/green coded channel, and (y -b) is the opponent yellow/blue coded channel. The functions fi, f2, and f3 do not enter into the analysis of the data of the adaptation studies we are discussing, which will concern only the linear terms within the parentheses and, in fact, only those in Eq. 2 which defines the receptor inputs and interactions for the red/green system. In the expressions, all, . . . ,a33 are weighting factors, ex is the quantal energy at the given wavelength, and ax\, #3A, and -yX are the three receptor sensitivities at that wavelength.
Linear expressions provide acceptable fits to the experimentally determined hue cancellation functions upon which the quantitative model was originally based; hence, they are used in this presentation. Outcomes of experimental tests by a number of investigators are consistent with linearity for the red/green chromatic channel, although for the yellow/blue channel departures from linearity have been found that seem to vary in degree from one observer to the next (16) (17) (18) (19) (20) . Because the test measures used as the index of adaptation and recovery in the experiments reported here involve only the red/green system, we can accept the linear relation as an adequate. representation for the analysis. Moreover, because the a cone receptor with peak sensitivity at 440 nm has negligible sensitivity in the region between 540 and 620 nm, the region within which our adaptation and test stimuli were restricted, the relevant expression can be simplified to:
(r -g)x = a23exyx -a22exf3x.
The spectral locus of unique yellow, defined as a yellow that looks neither reddish nor greenish, will occur at the wavelength X for which a23e8yx = a22ex3x.
There are individual differences in the precise wavelength locus of unique yellow for the neutral condition of adaptation; for PG the mean (+ SD) preexposure wavelength for all experimental sessions was 577.2 ± 2.12 nm; for JY it was 581.4 + 1.1 nm. Knowing the sensitivity values for y and /3 at, say, 580 nm when the amplitudes of the y and : spectral sensitivity functions are normalized to a common peak value, we can determine the coefficients a23 and a22 to satisfy the equality condition at 580 nm, and for this condition a23exyx/a22ex/x = 1. At the adaptation wavelength, say 540 nm, a23exyX < a22ex/lx, but chromatic adaptation, at this level, can be described as a selective relative densensitization of-the two receptor types of a sort that reduces the inequality of their two outputs. At the limit, a new equality would be established at 540 nm, and light of this wavelength would then appear uniquely yellow. Under these circumstances, the recovery data at t = 0 would show a 40-nm wavelength shift, from 580 nm to 540 nm.
From the functions that describe the averaged experimental data (Fig. 3) , we can determine the wavelength shift at t = 0 through t = 15 min, and thus the change in the receptor sensitivity ratio produced by exposure to the adapting light and the course of recovery in this process to the preexposure equality condition. This change in ratio taken as a percentage of the maximal change at the 540-nm limiting value, is plotted as the solid curve labeled PI in Fig. 4A . It is assumed to represent the receptor process recovery after exposure to steady adapting light at 540 nm. The second adaptation process to be considered is at the neural level that corresponds to the red/green channel. Here the adaptation process can be conceptualized as an upward or downward shift in the zero value baseline that represents the transition between positive (redness-correlated) and negative (greenness-correlated) responsivity. The neither-red-nor-green unique yellow criterion is met at this opponent process level at that wavelength for which a23exyx -a22exx = 0. In our example, this unique yellow condition is met at 580 nm for the preexposure neutral condition and, for this condition, the 540-nm adapting light produces a negatively signed greenness response that is proportional to the excess of signal magnitude from the : cones over that from the y cones at 540 nm. With continued constant activation in this direction caused by the input signal, delayed feedback mechanisms would, by hypothesis, bring about a baseline shift in the same direction, and this shift would also reach a limit in amount when a23e\Yx -a22eAf3A = 0 at X = 540 nm. With termination or reduction in input signal, the shifted baseline will gradually return to its preexposure, neutral state level.
Note that this adaptation process is arithmetically equivalent to adding or subtracting a given amount of responsivity and is unlike the receptor adaptation that involves multiplicative sensitivity factors. Note also that the description given directly above was made contingent on the constant activation of the red/green channel during exposure of the eye to the steady adapting light. But, because the input signal to the red/green system originates at the receptors, a consequence of receptor adaptation to the steady light is a continued progressive reduction of the red/green input signal during the light exposure. Hence, receptor adaptation effectively protects the neural chromatic channel from strong activation at a constant level. This formulation would account for the fact that the recovery data after steady light exposure can be described by a single exponential and interpreted as a single process.
In the alternating exposure condition, however, the recovery data cannot be described by a simple exponential; they require a sum of two functions, one of which has the same exponent as the single function for the steady adaptation recovery data and a second that is much slower (Fig. 3B) . We interpret the former also to be attributable to receptor adaptation and recovery (P1 in Fig. 4B ) and the latter to represent the baseline shift mechanism of the neural opponent chromatic system (P2 in Fig. 4B ). Because each 10-sec period of light exposure to 540 nm is followed by a 10-sec period in which the balance of receptor sensitivities can be restored to some extent by at least partial recovery, the next input signal at the red/green channel is stronger than it could be without such recovery. Thus, the signal does not diminish as rapidly, or as much, over the total adaptation period, and the slower baseline-shift adaptation mechanism is repeatedly activated by the stronger input signals in each successive light exposure in the alternating condition more than it is in the steady exposure condition.
The hierarchical organization of the color processing channels of the visual system thus can be interpreted as serving a protective function for the more central neural systems with respect to strong continued light exposure and also as providing a basis for relatively long-term biasing of the more central neural systems which is compensatory in direction for continued regular exposure sequences. It is our expectation that the latter function is likely to play an important role, at successive levels of visual processing, in phenomena usually described as becoming habituated to, or learning to ignore, monotonously repetitive stimulus inputs.
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